
The Impact of London Dispersion 
Interactions in Solution 

- Bring [a Molecular] Balance to the [LD] Force! - 
 

Inaugural-Dissertation  
zur Erlangung des Doktorgrades  

der Naturwissenschaftlichen Fachbereiche 
im Fachgebiet Organische Chemie (Fachbereich 08)  

an der Justus-Liebig-Universität Gießen 
 

 

vorgelegt von Jan Michael Schümann, M.Sc. 
aus Staufenberg-Daubringen 

 
 

Angefertigt am 
Institut für Organische Chemie  

Justus-Liebig-Universität Gießen  
im Zeitraum von Juli 2015- März 2021 

 
 

Betreuer: Prof. Dr. Peter R. Schreiner, Ph.D.



II 

  



 

III 

… 

Da steh’ ich nun, ich armer Tor, 

Und bin so klug als wie zuvor! 

Heiße “Bachelor”, heiße “Master” gar, 

Und ziehe schon an die “sechs” Jahr’ 

Herauf, herab und quer und krumm 

Meine “Studenten” an der Nase herum – 

Und sehe, daß wir nichts wissen können! 

… 

Bilde mir nicht ein, was Rechts zu wissen, 

Bilde mir nicht ein, ich könnte was lehren, 

Die Menschen zu bessern und zu bekehren. 

Auch hab’ ich weder Gut noch Geld, 

Noch Ehr’ und Herrlichkeit der Welt; 

Es möchte kein Hund so länger leben! 

Drum hab’ ich mich der “Chemie” ergeben, 

Ob mir durch Geistes Kraft und Mund 

Nicht manch Geheimnis würde kund; 

Dass ich nicht mehr mit saurem Schweiß 

Zu sagen brauche, was ich nicht weiß; 

Dass ich erkenne, was die Welt 

Im Innersten zusammenhält, 

Schau’ alle Wirkenskraft und Samen, 

Und tu’ nicht mehr in Worten kramen. 

… 

- Auszug aus Johann Wolfgang von Goethes Faust,  
frei abgewandelt von Jan M. Schümann   
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Zusammenfassung 

Der Beitrag der London Dispersion1 (LD) zum intermolekularen Faltverhalten von 
Molekularwaagen auf Cyclooctatetraen(COT)-Basis wurde in einer Vielzahl an 
Lösungsmitteln untersucht. Im Rahmen dieser Untersuchung wurde ein wohl definiertes 
System mit einen intramolekularen Abstand von 2,44 Å zwischen zwei tert-butyl Gruppen 
synthetisiert. Diese Molekularwaage wurde anschließend in diversen Lösungsmitteln mit 
aufsteigender Solvent Polarisierbarkeit (SP) auf dessen Faltverhalten hinsichtlich 
Londonscher dispersiver Wechselwirkungen untersucht. Es konnte aufgezeigt werden, 
dass der freie enthalpische Beitrag zu der Isomerisierungsreaktion in jedem 
Lösungsmittel einem annähernd gleichen Wert folgt. Die freie Gibbs Energie kann 
hierbei direkt durch das Verhältnis von 1,4- zu 1,6-Isomeren bestimmt werden. Es wurde 
ersichtlich, dass die unterschiedlich starken entropischen Einflüsse jedes Lösungsmittels 
für die stärker variierenden Gibbs Enthalpien ausschlaggebend ist. Die Antwort auf die 
von Yang et al. gestellte Frage “How much does LD contribute to molecular recognition 
in solution?”2 lautet daher: “Es kommt darauf an!”3. Das niedrigste Verhältnis von 1,4- und 
1,6-COT konnte in rein aliphatischen Lösungsmitteln festgestellt werden, dies kann auf 
einen kompensierenden Effekt von dispersiven Wechselwirkungen zwischen dem 
Lösungsmittel und der Waage hindeuten, wohin polare Lösungsmittel wie DMSO und 
Chloroform deutlich eine Bevorzugung des 1,6-Isomers zeigen. Zusätzliche 
computerchemische “Energy Decomposition Analysis” (EDAs) haben gezeigt, dass LD 
definitiv die vorherrschende Kraft ist, welche für die Faltung verantwortlich ist. Das 
Konzept wurde durch die Synthese von Adamantyl und Diamantyl-Derivaten erweitert. 
Die molekularen Waagen haben weiterhin den für Dispersion attraktiven Abstand von 
2,4 Å, jedoch werden die Polarisierbarkeiten und die Ausdehnung der Solvent Accessible 
Surface (SAS) der Substituenten signifikant größer, welches mehr Interaktion mit dem 
umgebenden Lösungsmittel zulassen müsste. Als Lösungsmittel wurden daher passend 
zum Wachstum der Derivate längerkettige aliphatische Kohlenwasserstoffe (n-Hexan, n-
Octan und n-Dodecan) gewählt. In Zusammenarbeit mit dem Max-Planck Institut für 
Kohlenforschung konnten computerchemische Rechnungen auf höchstem Niveau mit 
sowohl expliziten also auch impliziten Lösungsmittel Modellen durchgeführt werden. 
Sowohl die computerchemischen als auch die experimentellen Daten zeigen, dass eine 
Art des Anschmiegens durch das Lösungsmittel stattfindet und, dass durch die „rigiden 
Rotatoren“ der Adamantanderivate ein essentieller Beitrag zur Entropie geleistet wird. In 
jeder bisherigen Studie war stets das gefaltete Derivat das Bevorzugte. 

  



 

IX 

Abstract 

The contribution of London Dispersion (LD) to the intramolecular folding behavior of a 
cyclooctatetraene (COT)-based molecular balances in a variety of solvents was 
investigated. As part of this investigation, a well-defined system, represented by a tert-
butyl dimer with an intramolecular distance of 2.44 Å was synthesized. The folding 
behavior of this molecular balance was then investigated in various solvents with 
increasing solvent polarizability (SP) to examine the contribution of London interactions. 
We showed that the free enthalpy of the isomerization reaction in each solvent follows 
approximately the same value. Gibbs free energy can be readily measured by 
determination of the ratio of 1,4- to 1,6-isomers. It was found that the entropy in each 
solvent system is responsible for the diminishing effect on ΔG values. The answer to the 
question of Yang et al. “How much does LD contribute to molecular recognition in 
solution?” is that “It depends!” The lowest ratio of 1,4- and 1,6-isomers was found in 
purely aliphatic solvents, this may indicate a compensating effect of dispersion 
interactions between the solvent and the balance. DMSO and chloroform clearly showed 
a preference for the 1,6-isomer. However, it became clear through additional energy 
decomposition analyzes (EDAs) that LD is the predominant force responsible for folding. 
The extension of the concept was investigated by the synthesis of adamantyl and 
diamantyl COT derivatives. The molecular balances still have an attractive distance of 2.4 
Å for dispersion, but the polarizabilities and the expansion regarding the solvent 
accessible surface (SAS) of the substituents become significantly larger, which allows 
more interaction with the surrounding solvent. Longer aliphatic chain hydrocarbons (n-
hexane, n-octane and n-dodecane) were therefore chosen as solvents to suit the growth 
of the derivatives. In collaboration with the Max-Planck Institute for Coal Research, 
computations at the highest level were carried out using implicit and explicit solvent 
models to determine the influence of the solvents on the folding behavior. The 
computational and experimental results lead to the conclusion that an adhesion occurs 
through the solvent and that the “rigid rotors” of the diamondoid derivatives make an 
exclusive contribution to the entropy. In every study, the folded derivative is always 
preferred. 
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1.  Introduction 
1.1 Motivation and Goals 

At the beginning of my undergraduate studies a new/old question arose due to the 
increasing number of high-quality computations showing the importance of NCI’s (non-
covalent interactions) in molecular chemistry.4 A priority program (dt. 
Schwerpunktprogramm – SPP 1807) was launched to tackle those deepened questions 
arguing with already well accepted concepts of steric repulsion, especially in organic 
chemistry. Back in 2015, experimental trends in reaction enantioselectivity or the 
orientation of molecules in crystals were ascribed largely to Pauli repulsion/steric 
hinderance by experimentalists. Although, the fact that the properties of organic matter 
are indeed governed by the strange and hidden quantum realms was acknowledged at the 
time. However, state-of-the-art computational models like B3LYP neglected dispersion 
forces. The unintentional outcome was that it reinforced the idea of a world dominated 
by Pauli exchange repulsion. On the other hand, empirical dispersion corrections, 
especially the models developed by Grimme et al., already delivered results better 
agreeing with experimental data sets for small additional computational cost.5 A highly 
debated question at that time and still is, does dispersion exist in solution and why do we 
rarely argue about it in a productive way or use it for the benefit and guidance of 
molecular reactions?  

Fritz London’s famous London equation (Eq. I) gives chemists the tool to correlate 
distance dependence (r) and relations due to polarizabilities (α) and ionization potentials 
(I) of molecule dimers (A & B).1,6  

𝐸𝐴𝐵
𝑑𝑖𝑠𝑝 =  −

3

2
 
𝛼𝐴𝛼𝐵

𝑟6
 

𝐼𝐴𝐼𝐵

𝐼𝐴 + 𝐼𝐵
= − 

𝐶𝑑𝑖𝑠𝑝

𝑟6
 (I) 

While figuring out a descent topic to work on in the field of London Dispersion (LD), 
talking to the first scientific secretary of SPP1807, J. Philip Wagner and my supervisor 
Prof. P. R. Schreiner was crucial.4,7,8 Their advice on how to impact on the field was rather 
simple: “Jan, if you would like to contribute, synthesize a molecular balance and show 
the community hard numbers.” Digging deep into literature and keeping in mind the 
question asked by NCI chemists—like Schneider, 9,10 Cockroft, 2,3,11,12 Hunter,13–15 and 
Shimizu16,17—“How much do van der Waals dispersion forces contribute to molecular 
interactions in solution?”  

1.2 Van der Waals Forces 

The direct manifestation of attractive forces were described by van der Waals equation 
of state.18 Together with Keesom interactions (dipole-dipole, electrostatic/orientational) 
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and Debye interactions (dipole–induced dipole, induction), London dispersion 
interaction (induced dipole–induced dipole) is a key contributor to van der Waals forces,19 
especially in gases without a permanent dipole moment, e.g. noble gases.1,6,20 A common 
example is taught in organic chemistry undergraduate studies on the difference in boiling 
points of linear and branched alkanes. The boiling point decreases with increased 
branching due to the reduced surface area reducing intermolecular dispersion 
interactions.21,22 

London dispersion also stabilizes molecules, particularly with bulky groups like tert-butyl 
(tBu). This is demonstrated in the hexaphenylethane (HPE) riddle (Figure 1).23–25 While 
parent HPE is unstable due to the steric repulsion between the six phenyl groups of the 
corresponding triphenylmethyl radical (TPM), introducing a dozen bulky tBu groups 
stabilizes the dimerization, allowing it to crystallize.23,26 The tBu groups create a "corset 
effect"27 by holding the molecule together (Figure 1)28 with London dispersion 
interactions leading to an increased bond dissociation energy, which is the reason for the 
observable crystal structure of the heavily substituted tBu-HPE whereas the 
unsubstituted derivative remains elusive. 

 

Figure 1. Bulky substituted tBu-HPE forms due to the attractive NCI interactions (green belts on 
the NCI plots shown below structures) while less bulky unsubstituted HPE does not. Adapted with 
permission from Schreiner et al. Copyright 2017 Royal Chemical Society24. 

Heitler and London29 were the first to characterize the long-range distance (r−6) 
dependent attractive interactions in molecular dimers, which are now known as LD 
interactions in honor of Fritz London. Despite these forces contributing significantly to 
the overall interactions in bulk materials, they are often perceived as the weakest 
component of van der Waals (vdW) forces. Dispersion forces may be overshadowed by 
the stronger interactions (Figure 2) such as electrostatic30 and induction forces.31 LD 
forces contribute theoretically to 100% of the interaction energy of the methane dimer in 
vacuum at 293 K. Looking at the dimer of water and methane the inductive interaction 
has only a small effect on the overall Energy, LD forces contribute here up to 87%.  
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Figure 2. A comparison of van der Waals force contributions in water–methane interaction 
through the theoretical van der Waals Coefficients (Cind, Corient, and Cdisp) at 293 K in vacuum. 
Numbers are taken from Chapter 6 Table 6.3 of Israelachvili’s Intermolecular and Surface Forces19 

Looking at the (dipole–dipole) water dimer, electrostatics take over as the main 
contributor to the overall energy, here LD is further diminished and contributes roughly 
to 24% of the overall energy. However, it is clear that all those forces are stabilizing the 
dimerization process and can only be dissected by modern energy decomposition 
analysis (EDA) such as SAPT32 (symmetry adapted perturbation theory) and LED33–36 (local 
energy decomposition). Such analysis conducted for two “tBu” moieties approaching 
each other (Figure 3) illustrates how LD can be a very strong contributor in comparison 
to the electrostatic and induction forces. 

In view of London’s approximate equation for quantifying the attractive interactions (Eq. 
I) one can grasp why LD interactions are commonly rationalized by means of fluctuating 
dipole–induced dipole interactions. Especially the correlation with ionization potentials 
and polarizabilities gives a notion of charge separation and subsequent polarization being  

 

Figure 3. SAPT Scan of an isobutyl dimer showing the greater contribution of dispersion forces 
compared to the electrostatic and induction forces at the energy minimum. 
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relevant for the interaction. However, this leads to the wrongful picture of classical 
electrostatics somehow being involved in an interaction that can only be rationalized 
properly by quantum theory, as originally shown by London. In fact, London’s original 
description of LD interactions is much closer to the “modern” view of LD, which involves 
seemingly enigmatic fluctuations due to zero-point energy, which lead to the engagement 
of “virtual” excited electronic states in interacting atoms or molecules.1,37 

When two interacting systems have different polarizabilities, the dispersion interaction 
can be expressed in terms of the polarizabilities αA and αB of the respective systems. 
Additionally, the zero-point energy (hν0) can be approximated using the ionization 
potentials IA and IB of the two systems. This approximation provides an upper bound for 
the intermolecular dispersion interaction between two atoms. Empirical results have 
shown that this upper bound performs better than a similar lower bound based on 
electronic excitation energies. Consequently, the well-known London dispersion formula 
is derived (Eq. I).20 

Obtaining reasonably accurate correlation energies, defined as the energy difference 
between the Hartree-Fock method with an infinite basis set and the exact electronic 
energy derived from the Schrödinger equation, has previously been a major bottleneck 
for theoretical methods.38 In this regard, substantial progress has been made by 
introducing approximate treatments for costly correlation energy terms. For example, 
empirical dispersion correction terms have been developed for density functionals,39 and 
local approximations for high-end wavefunction methods are now widely available, so 
that chemically accurate computations are obtainable for systems comprising hundreds 
of atoms including heavy elements.40–42 Moreover, developments in computational 
chemistry have popularized energy decomposition methods derived from both 
wavefunction theory and computationally cheap DFT.36,43 Consequently, through a 
myriad of decomposition studies36, we now have a much broader understanding of the 
true quantum chemical character of most non-covalent interactions systems, which is 
based on hard numbers, rather than “chemical intuition”. Only seldom the outcome of 
such studies fits well with the chemical intuition44,45 of general synthetic organic 
chemists. 

1.3 What is Molecular Balance? 

1.3.1 Quantifying non-covalent interactions 

Molecular balances are model systems developed to isolate a specific interaction in an 
attempt to measure it.46,47 Chemists can use their advanced synthetic knowledge to define 
distance and substitution pattern in a model system to mimic natural occurring effects 
by enhancing them.13,47 In principle, moieties are forced to interact with each other by 
bringing them in close proximity or leave enough space to circumvent the intramolecular 
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interaction.17 Intramolecular or intermolecular complexes/dimers are prime examples to 
investigate attractive interactions.48 The design of the balance backbone needs to address 
observable force of interest.11,49–52 The limitations of molecular balances in providing 
insights towards LD forces in solution include: 

• Sensitivity: LD interactions are rather small due to their nature being enforced by 
induced dipole-induced dipole interactions. This usually results in ΔG values around 
−0.1 to −0.5 kcal mol-1. This energetic difference is within the error range of NMR 
studies.9,47,53 

• Complexity: LD forces are influenced by a number of factors, such as the size,21 
shape,54 and polarizability20 of the molecules in question, making it difficult to isolate 
and measure their effects. Moreover, LD never comes alone when dimers interact 
with each other. Keesom and Debye forces always also favor dimerization processes.19 

Therefore, molecular balances alone may not provide sufficient information about LD 
forces in solution via spectroscopic measures, other techniques such computational 
methods are needed to complement the information obtained by molecular balances to 
provide a more complete understanding of these interactions.5,8  

London dispersion effects are counteracted primarily by entropy and secondarily 
solvation.19,55 While these mechanisms do not reduce the strength of dispersion itself, 
they provide compensating energy contributions.56 Entropy increases with molecular size 
and floppiness of the systems, leading to a greater penalty for intermolecular complexes 
partially offsetting dispersion interactions.9 In solution, dissociation of intermolecular 
complexes frees surface area, enhancing solute-solvent interactions, which further 
compensates for dispersion. However, the relative importance of these effects remains 
poorly understood due to limited experimental data and computational complexity. 

Folding molecules serve as an effective platform for studying non-covalent interactions 
(Figure 4), with the relative stabilities of conformational states being influenced by  

 

Figure 4. Schematic representation of molecular balances with solvent interactions. 
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intramolecular contacts and solvent interactions unique to each conformation.13–15  

However, experimentally assessing the relative stabilities of all possible conformations, 
particularly in highly flexible molecules such as long alkyl chains, is not feasible via 
nuclear magnetic resonance (NMR) spectroscopy as the signals will broaden and overlap 
with each other at a wide range of temperature. Instead, thermodynamic data should be 
derived from simpler model systems with constrained conformational freedom.57 To 
minimize the impact of steric effects, solvation, and secondary intramolecular 
interactions on folding behavior, molecular balances with high symmetry are preferred, 
as they reduce these background contributions.3,47,58,59 

1.3.2 Determination of the Gibbs energy of activation 

Ioulia K. Mati described in 2013 very suitably in her thesis58 on “Molecular torsion 
balances for quantifying non-covalent interactions” following statements on the 
determination of Gibbs Free Energies which also applies for all further balance systems. 
Though not all foldable molecules have the desired properties to permit Δ𝐺𝑓𝑜𝑙𝑑

𝑇  
determination, numerous molecular systems have been successfully applied to the 
quantitative study of non-covalent interactions.58 Molecular torsion balances58 with 
rotational bonds (e.g., triypticenes,60–62 Trögers base,2,11,14,46,52,63–65 N-arylamides,16,17,66–68 
and thioureas69), general dimerization of compounds (e.g., pyridine dimers,70,71 and 
triphenylmethane dimers72), double bond switching compounds (e.g., azobenzenes,53,73–

75 and bifluoronilidienes76–79) or general ring inversion driven balances (e.g., 
cylooctatetraene44,45,56,57,80–85 based balances, cyclohexyl50,51 axial values86,87) have all one 
thing in common, their low barrier heights (Δ𝐺𝑓𝑜𝑙𝑑

‡ ). The barrier prone to the switch or 

folding (Δ𝐺𝑓𝑜𝑙𝑑
‡ ) quantifies the free energy difference between a ground-state 

conformation and the transition state, and can provide insight into the strength of non-
covalent interactions.47,53,74 Δ𝐺𝑓𝑜𝑙𝑑

‡ values (Eq. II) can be readily determined using variable-
temperature NMR spectroscopy58 or UV/Vis spectroscopy in case of some model 
compounds like azobenzenes.48 

Δ𝐺𝑓𝑜𝑙𝑑
‡ =  Δ𝐻𝑓𝑜𝑙𝑑

‡  −  T Δ𝑆𝑓𝑜𝑙𝑑
‡  (II) 

Even though the interpretation of the attractive interactions in transition states is 
complicated itself, the knowledge about the barrier height gives valuable insights for the 
experimental set up.47,56,78,84 In general the folding needs to be observable at a reasonable 
time scale to determine true thermodynamic data.58 For example, for room temperature 
analysis using 1H-NMR this typically requires a transition barrier Δ𝐺𝑓𝑜𝑙𝑑

‡  larger than 16 
kcal mol−1 but smaller than 26 kcal mol−1.66,82 This numbers translate to half-lives of 
minutes to hours. 
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1.3.3 Determination of Gibbs free energy 

However, the free energy difference between ground-state conformers (Δ𝐺𝑓𝑜𝑙𝑑
𝑇 ) is more 

easily interpreted than Δ𝐺𝑓𝑜𝑙𝑑 
‡ barrier measurements because the interactions present in 

the ground-state conformations can often be calculated with a high degree of certainty 
(Eq. III) or observed experimentally (equilibrium constant in NMR solution 
studies).47,58,86,87 Nevertheless, interaction energies should always be interpreted with 
care; the role of the solvent in determining molecular conformation should never be 
overlooked.2,14,88 The foremost requirement for Δ𝐺𝑓𝑜𝑙𝑑

𝑇  measurement using folding 
molecules is that the relative populations of each distinct conformer must be 
quantifiable.58 NMR spectroscopy is a powerful technique for assessing the conformation 
of small molecules in solution.47,58,88  

One approach to quantifying ground-state non-covalent interactions is to use molecules 
featuring a slow rotation or inversion around a bond or cycle for distinct conformational 
populations to be directly quantified by NMR, but rapid enough for conformational 
equilibrium to be reached within a reasonable timescale.58  

Δ𝐺𝑓𝑜𝑙𝑑
𝑇 =  −RT ln

∫(𝑓𝑜𝑙𝑑𝑒𝑑) 

∫(𝑢𝑛𝑓𝑜𝑙𝑑𝑒𝑑) 
= −RT ln K𝑒𝑞.  (III) 

The advantage is that time-consuming variable-temperature experiments are not 
required to extract thermodynamic information from the system.47,58  

1.3.4 Determination of the reaction enthalpy  

LD by first approximation is temperature independent as (Eq. I) indicates, so it is 
necessary to get insights via the determination of Δ𝐻𝑓𝑜𝑙𝑑

⦵  to gain further knowledge on the 
strength of its nature. It is known that entropy, namely Pauli-repulsion acts as a 
counterpart to any attractive forces.19  

Δ𝐺𝑓𝑜𝑙𝑑
⦵ =  Δ𝐻𝑓𝑜𝑙𝑑

⦵  −  T Δ𝑆𝑓𝑜𝑙𝑑
⦵  (IV) 

Taking Eq. III into account and combining it with Eq. IV divided by the temperature we 

form the following Van ‘t Hoff equation (Eq. V). 

ln 𝐾𝑒𝑞. 𝑅 = −Δ𝐻𝑓𝑜𝑙𝑑
⦵  

1

𝑇
 +Δ𝑆𝑓𝑜𝑙𝑑

⦵  (V) 

Provided that the system under investigation is sufficiently geometrically well-defined, 
the approach allows both attractive and repulsive interactions to be measured with a high 
degree of accuracy (often ±0.1 kcal mol–1).48 The precise range and accuracy of the 
approach depends upon the sensitivity of the spectroscopic technique employed. In 
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general, Van ‘t Hoff data derived enthalpies are highly dependent on the number of 
datapoints as even a slight change has a huge influence on the slope.89,90 

1.3.5 The beauty of cyclooctatetraene 

Since the first synthesis (Figure 5) of cyclooctatetraene 5 on the pursuit of investigating 
benzene type molecules by Willstätter and Waser, the understanding of [8]annulenes 
became much more advanced. They synthesized 5 by extracting the natural substance 
pseudopelletierine (1) from the pomegranate tree bark. Four subsequent elimination 
steps yielded only 4% of 5 in regard of the starting material 1 in 1911.91  

 

Figure 5. Willstätter’s first synthesis of COT.91 

Willstätter noted almost disappointedly that the properties of the new found eight 
membered ring with the formula C8H8 does not possess any comparable properties to 
benzene (e.g., hydrogen uptake, addition of bromine).91,92  

“Vom Benzol ist das Cyclooctatetraen im chemischen Verhalten vollkommen verschieden; wie 
folgende Reaktionen zeigen, ist es ein wahres Cycloolefin:  

1.  Das Tetraen addiert bei Gegenwart von Platin rasch vier Mole Wasserstoff, 
während Benzol unter den gleichen Bedingungen keinen Wasserstoff aufnimmt.  

2.  Das Tetraen reduziert heftig Permanganat und addiert Brom sofort.  
3.  Es ist nicht leicht subsituierbar, mit Salpeterschwefelsäure gibt es keine 

Nitroverbindungen, sondern es verharzt.  
4.  Das Tetraen stabilisiert sich durch Umlagerung in Isomere mit 

Brückenbindungen.” 

However, his findings showed clearly that the yellow fluid with the pungent smell 
possessed more interesting properties, as many following publications showed. The 
double bond characteristics and simple ability to be substituted kept chemists busy for 
decades.92,93 

The synthetic pathway towards 5 was unfortunately not efficient until Walter Reppe’s 
group developed a method of cyclizing acetylene gas with a Nickel cyanide in THF 
solution under high pressure (Figure 6) during the Second World War.94 The turmoil of 
the war led to a delayed, incomplete publication in 1947. The since then easy access of 5 
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in huge quantities led to an explosion of COT related chemistry in the 70s and 80s of the 
20th century.93  

 

Figure 6. Reppe’s synthesis of COT.94 

The work of Leo A. Paquette80,95 and Andrew Streitwieser Jr.44,96 focused on substituting 
COT und understanding its properties as uranocene ligand. They were also the first to 
describe the synthesis and unusual properties of the molecular balance chosen of in this 
work to investigate LD interactions in solution.44,80 Computational studies in the late 90s 
and early 2000s explained the iconic properties and its folding ability by a bifurcating 
pathway.97,98 The at room temperature occurring double-bond shift99 (DBS) and the 
synthetic accessibility to its 1,4-substitution pattern makes 5 a prime example of a 
molecular balance backbone.44,45,56,57,80,82,100–103 The fine works of Leo A. Paquette,80 Andrew 
Streitwieser Jr.44 and Peter A. Kirsch82 granted a great start for a success-oriented study 
on LD interactions in solution. 

The now widely agreed upon mechanistic pathway (Figure 7), which has been verified 
computationally97,98 and spectroscopically,99 first proceeds through the planar ring 
inversion (RI) transition state (TS) structures RI TS’ (1,4) and RI TS’ (1,6) in which the 
double bonds are localized. Over this pathway marked with a green dotted line the 
minima (MIN) of the 1,4- and 1,6-isomers are interconverted into their mirror images. 
One of the peculiarities of such substituted COT is that due to the C2-symmetry 1,4-
isomers are interconverted into their enantiomers, which is, however, irrelevant for the  

 

Figure 7. Schematic depiction of bifurcation98 pathway of substituted COT. R = H, Me, Et, iPr, tBu, 
Ad, Dia, and all possible functional groups. 
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use of such a system to quantify NCIs in an achiral environment as well as that 
enantiomers are not distinguishable via NMR spectroscopy. The 1,6-isomers MIN (1,6) 
on the other hand belong to the Cs point group, with an intramolecular plane of symmetry 
so that the inversion leads to the exact compound again. Both isomers are readily 
distinguishable via NMR spectroscopy (Figure 8). The difference in symmetry between 
the 1,4- and 1,6-isomers is reflected in their respective NMR spectra as well, with the 
1,4-isomer exhibiting a singlet and two AB-quartet signals, while the 1,6-isomer shows 
three distinct signals in the olefinic area. 

All 1,4-disubstituted cyclooctatetraenes follow this multiplicity and only vary the shift 
hence the electronic properties of the substituent. Transition state structures RI TS’ 
(1,4/1,6) cannot undergo direct double-bond shift to DBS TS’’ but proceed via a similar 
structural pathway over the valley ridge inflection points (VRIs) and vice versa, passing 
through the antiaromatic, CS symmetric planar transition structure DBS TS’’, in which the 
double bounds are truly delocalized. Naturally, as DBS TS’’ is higher in energy than 
RI TS’, it resembles the rate determining transition state. Estimates for the activation 
barrier for the DBS have been deduced experimentally for various di- substituted 
derivatives, with typical 𝚫𝑮𝐃𝐁𝐒 

‡ values being in the range of 13–23 kcal mol−1 (Figure 9). 

Thus, COT molecular balance systems should reach equilibrium within a few hours at 
near ambient temperatures following the approximations of transition state theory. It is 
important to note that with the increasing size of the substituents the barrier also 
increases drastically. So far, no solvent dependence on the transition state has been 
investigated. For all kinetic measurements, either benzene or chloroform has been used. 

 

Figure 8. Exemplified experimental 1,4-and 1,6-di-tBu-COT spectra in deuterated benzene and the 
corresponding computed spectra (in black). Adapted with permission from Schreiner et al. Supporting 
information. Copyright 2021 American Chemical Society.56 
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Figure 9. Simplified depiction of the activation barrier red dotted line of Figure 7 and the 
experimentally determined barriers for the substituted COT through kinetic measurements and 
the use of Eyring equation. 

A simple DF-SAPT2/aug-cc-pVTZ energy decomposition analysis of isobutane dimers 
gave first insights into the prominence of LD interactions within the range of the COT 
system. We took the B3LYP–D3(BJ)/def2–QZVPP optimized geometries, removed the COT 
moiety, and saturated the resulting radicals with hydrogen atoms. This evaluates the 
“isolated” interactions of the two isobutane moieties at the distance of the full COT isomer 
as shown in Figure 10.56 Nowadays, there are now several routes for the functionalization 
of 1,4-derivatives (see Figures 11, 12, and 13). 

The most promising approach to the synthesis of 1,4-disubstituted cyclooctatetraenes 9 
lays within the deprotonation of the readily available bridged sulfone 7 and its  

 

Figure 10. DF–SAPT2/aug–cc–pVTZ energy decomposition of isobutane dimers based on the 
optimized geometry of the spatial 1,4-(red) and 1,6-(blue) COT arrangement. Adapted with 
permission from Schreiner et al.56 Supporting information. Copyright 2021 American Chemical 
Society.56 

 

R 𝚫𝑮𝐃𝐁𝐒 
‡ (𝐓) 

[kcal mol−1] 
H99 13.7 (263 K) 

Me102 17.3 (325 K) 
Et82 17.8 (322 K) 
iPr82 19.0 (359 K) 
tBu44 22.6 (298 K) 
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Figure 11. Applicable synthesis route towards primary and secondary alkane 1,4-substituted 9 via 
bridged sulfone 7.82,95,102,104,105 

electrophilic substitution with alkyl halides. Photolysis of 8 provides the pure polyolefins 
9 in high yields. Ejection of sulfur dioxide with white LEDs (Xenon) is so rapid that 
possible photorearrangement of the COT products has not been encountered.  

However, this method is limited to unbranched alkyl derivatives and their availability as 
electrophiles. The synthetic approach developed by Hanzawa and Paquette via Diels-
Alder reaction and following Strating Zwanenburg Photodecarboxylation80 lead to tertiary 
alkyl balances such as tBu, Ad, Dia (Figure 12). The main disadvantage of this approach 
is that cyclobutadiene precursor 10 is not commercially available and needs to be 
synthesized first from 5 over several steps, 11 is synthesized via methods of Ershov et al. 
and Ochmann et al..106,57 

 

Figure 12. Applicable synthesis route towards tertiary alkane 1,4-substituted 9 via bridged dione 
1256,57,80 

Later a way cheaper approach for 1,4-di-substitutions was developed, employing readily 
available cyclooctadiene (COD, 13), which is initially deprotonated to form a TMEDA 
stabilized dark red di-anion complex, which can easily be used to form triene 14 by 
addition of tetrel chlorides. Said triene 14 is further deprotonated and oxidized to form 
the desired compounds. This method (Figure 13) has been used and further optimized by 
König & Rummel et al.83,84 

  

Figure 13. Applicable synthesis route towards tetrel 1,4-substituted 9.84,103  
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1.4 Quantifying London Dispersion in Solution 

1.4.1 Current state of the art 

The earliest extensive work on LD in solution is the life’s work of Schneider on the studies 
on porphyrin interactions in water (Figure 14).9 

 

Figure 14. Schneider’s system of choice MeR adducts on porphyrins in water. 

His studies show that the T∆S term contributes 10% to 80% of the total ∆G, depending on 
the interaction mechanisms, such as hydrogen bonding and ion pairing. Analysis of over 
90 equilibrium measurements of porphyrin receptors in water reveals that small alkanes 
do not bind to hydrophobic flat surfaces (∆G ≈ ±0.1 kcal mol–1), while 20 heteroatom-
bearing functions interact via dispersive forces, with ∆G values up to 1.9 kcal mol–1, 
correlating with polarizability. Aromatic systems exhibit size-dependent binding 
affinities, which are linearly related to the number of π-electrons. 

Cockroft et al. started in 2013 the hunt for dispersion interactions in solution by asking 
the question “How much do van der Waals dispersion forces contribute to molecular 
recognition in solution?”2 They chose a Tröger’s base “Wilcox torsion balance”46 derived 
balance (Figure 15) with linear alkyl chains to describe the folding behavior in a variety 
of polar (water/THF) and nonpolar solvents (linear alkanes). The conclusion lead to a 
huge uproar in the molecular balance and attractive interactions investigative 
community as it suggested a rather low contribution meant to be neglectable as the ratios 
from the folded to unfolded state remain very small.2 Shimizu mediated the situation by 
publishing a further explanatory statement.107 As linear alkanes within this balance may 
actually never really have the chance of interacting strongly with each other due to their 
floppiness at elevated temperatures. The studies were further extended towards 
solvophobic effects.63 Only at considerably low temperatures alkanes remain in their all 
trans conformation, while increasing their chain length at C17 they start to 
predominantly form an intrinsic foldamer.108 
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Figure 15. Cockroft’s system of choice linear alkane residues on a Tröger’s base backbone. 

As the famous quote of Johann Diderik van der Waals “matter will always display 
attraction” remains a stronghold being observable in boiling points of organic liquids and 
nowadays prime examples of enantioenriched molecules due to catalysis in solution, 
Tröger’s balance with long alkane chains might not have the best design to unravel the 
importance of LD in solution.54 

In 2019 Chen et al. chose proton bound pyridine dimers with larger substituents to 
determine (Figure 16) their binding via their dissociation energy in dichloromethane 
solutions via NMR as well as in the gas phase with ESI-MS/MS. They found that LD forces 
are largely attenuated in dichloromethane compared to the gas phase by up to 70%.70 
Further developments in aprotic solvents (perfluoro-n-hexane, 1-flouro-n-hexane, 1,2-
difloruobenzene, dichloromethane, cyclohexylbromide and 1-bromobenzene) 
underlined their finding of a diminishing effect.71  

 

Figure 16. Chen’s system of choice, dissociation of proton bound pyridine dimers. 

From 2015 onwards the studies of Wegner et al. were focused on the determination of the 
Z/E isomerization rates of all meta substituted alkylated azobenzenes in DMSO and n-
octane (Figure 17).73 The system is no traditional molecular balance as over time only the 
E isomer is observable – so the balance is already tilted on one site. The Z/E isomerization 
could be rather considered a dissociation event.48 The isomerization rate is conveniently 
followed by UV/Vis and NMR spectroscopy. With increasing size of the substituent, the 
half-life of the Z isomer is steadily increasing. They noted the same trend of increasing 
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Figure 17: Wegner’s system of choice E/Z isomerization of azo switches. 

half-lives with increasing polarizability of substituents are observed in both solvents, 
stating that the effect is largely solvent independent.73 Computational investigations 
showed that the impact of LD forces in TS of the Z/E isomerization is rather neglectable.73 
The second study focused on linear alkanes, with increasing chain length, as all meta 
substituents to harness a possible compensation effect on the isomerization rate in n-
octane and DMSO.74 Solvents used for their third study ranged from linear, to branched 
as well as cyclic aliphatic solvents. (e.g., n-heptane, iso-octane, n-octane, n-decane, n-
undecane, n-dodecane towards cyclooctane). Hence the interactions between the (solute-
solute) intra molecular interactions, the (solute-solvent) and (solvent-solvent) 
intermolecular interactions will range in the same area. The findings of the first study 
were underlined as the change in solvent only changed marginally the tendency of the 
half-lives. However, solvents with low surface tension resulted in a destabilizing 
contribution of solvent-solvent interactions (±0.1 kcal mol–1) leading to an half-life 
increase of up to 20%.53  

The main solvent studies performed between 2019 and 2023 within Schreiner’s group 
based on the cyclooctatetraene backbone (Figure 18) is described in the next chapters. 

 

Figure 18. Schreiner’s system of choice, balances on the cyclooctatetraene backbone. 

Schreiner et al. used strained bifluorenylidene78,79 balances (Figure 19) to investigate the 
limits of close contacts in terms of London forces by showing that the unfolded 
conformer with R = tBu and Dia being the most stable in all solvents. All other substituted 
derivatives favored the Z-bifluorenylidene. Furthermore, they showed in an additional 
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study that the folding of the famous thiourea catalyst framework is also highly dependent 
on LD interactions.69 Substituents with increasing size from H to tBu have been measured 
in THF solution at –70 °C.  

 

Figure 19. Schreiner’s choice for the determination of solvophobic effects. 

In 2024 Shimizu et al. developed molecular torsional balances (Figure 20) to measure and 
model the organic solvophobic effect across 46 solvent systems with varying alkyl surface 
lengths (ethyl, hexyl, undecyl).109 By using 19F NMR spectroscopy to assess folding ratios 
and incorporating a control balance to isolate alkyl surface effects, the study quantified 
solvophobic interactions. The analysis, based on solvent parameters and surface area 
differences between folded and unfolded conformers, led to a predictive model for 
association energies of alkane dimers.  

 

Figure 20. Shimizu’s system of choice, alkane chains on N-Arylamide backbones. 

These findings were summarized in a review by Cockroft et al.3 showing “a context-
dependent” significance of LD in solution by noting that alkyl-alkyl interactions in 
proximity result in the observation of stronger LD interactions. Moreover, perfluorinated 
alkanes or very rigid and close contacts in balances are more likely to contribute to the 
investigation of solvophopic effects rather than intramolecular LD forces. 

1.4.2 Interactions in 1,4-substituted cyclooctatetraenes 
While still heavily discussed, LD seems to be readily measurable in cyclooctatetraene 
derivatives (Figure 21) due to their close contact and high symmetry.56,82 The balances 
have already been extended to silyl groups,84 silyl protected alcohols,83 and even to a water 



 - Bring [a Molecular] Balance to the [LD] Force! -  

17 

mimicking tracking of a transition state.85 All of those recent enhancements found 
dispersion forces to be a very well measurable force which might only be attenuated due 
to respect of the expectations due to “not that precise” computations.70,55 As a matter of 
fact, the recent investigations find that while in close contact and under the right 
conditions (in respect of floppiness – entropy diminishing, and close proximity to each 
other) LD forces are always dominant and never vanish. 

 

Figure 21. Simplified equilibrium of 1,4- and 1,6-R-COT.  

Table 1 shows a broad overview of 1,4-COT derivatives where the equilibrium was 
determined, solvents and temperature vary strongly so that no direct comparison 
between all derivatives can be made. However, all moieties ranging from pure aliphatic 
to highly polar groups such as nitrosyl show a preference for the folded isomer. For R = 
CH2OH, water as solvent was chosen to outline the strong electrostatic influence which 
diminished the intramolecular LD interaction almost completely. Furthermore, solvents 
are discussed in Table 2. 

So far, no extensive investigation on solvent effects on the most prominent example for 
a molecular balance di-tBu-COT (Figure 22) has been performed. The main study of this 
thesis focused on this topic. The resulting Table 2 of different equilibrium constants in 15 
solvents with the same balance shows clearly that a solvent effect on folding does exist. 

Table 1: A brief overview of all known COT derivatives with determined Gibbs free Energy. 

R solvent 
𝚫𝑯𝒇𝒐𝒍𝒅

⦵  
[kcal mol−1] 

𝚫𝑺𝒇𝒐𝒍𝒅
⦵  

[cal mol−1 K−1] 
𝚫𝑮𝒇𝒐𝒍𝒅

𝑻  
[kcal mol−1] 

Keq. [1,6]/[1,4] 

H91,94,56 CHCl3 n.a. n.a. 0.00 (298 K) 1.00 
Me95,102 benzene −0.05 −0.3 −0.08 (293 K) 1.15 
Et82,105 benzene −0.52 1.0 −0.24 (293 K) 1.52 
iPr82,105 benzene −0.61 1.0 −0.36 (293 K) 1.84 
tBu44,80 CHCl3 −1.14 2.5 −0.39 (298 K) 1.93 
Ad57 n-hexane −0.26 −0.36 −0.14 (333 K) 1.29 
Dia57 n-hexane −0.79 −1.81 −0.19 (333 K) 1.34 
Ph110 CHCl3 n.d. n.d. −0.18 (298 K) 1.35 
CH2OH85 water n.d. n.d. +0.02 (298 K) 0.97 
(CH2)2OH45 water n.d. n.d. −0.25 (273 K) 1.60 
NO2

81,100,111 CHCl3 −1.98 4.5 −0.61 (293 K) 2.86 
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Figure 22. Simplified equilibrium of 1,4- and 1,6-tBu-COT. 

However, this must not and cannot be only attributed to a cancelation effect on LD as 
many publications suggest. Solvophobic effects as well as strong electrostatics in more 
polar solvents are making the interpretation of data harder the more data are produced. 
As already stated, the enthalpic energy stays very similar in each solvent and is countered 
by entropy. 

The second focus of this thesis was to rule those effects out. From the first study it was 
clear that tBu-COT shows the smallest preference for the folded isomer in a pure aliphatic 
solvent like cyclohexane or n-hexane. So, the concept of matching solvent type with 
balance type as both are purely hydrocarbon based was born. Using increasing 
polarizable aliphatic solvents representing size increase as the molecular balances to 
diminish or attenuate possible intramolecular interactions versus solvent-solute 
intermolecular interactions. 

Table 2. Determination of the folding behavior of 1,4-tBu-COT in various solvents.56 The solvents 
are listed according to their solvent polarizability (SP) value. The SP value is an empirical value of 
LD for each solvent by Hopf and Catalan.112 

solvent SP 
𝚫𝑯𝒇𝒐𝒍𝒅

⦵   
[kcal mol−1] 

𝚫𝑺𝒇𝒐𝒍𝒅
⦵   

[cal mol−1 K−1] 
𝚫𝑮𝒇𝒐𝒍𝒅

𝟑𝟎𝟑 𝐊  
[kcal mol−1] 

Keq. [1,6]/[1,4] 

n-hexane 0.6164 −0.39±0.02 −0.75±0.06 −0.16±0.03 1.31 

ethanol 0.6334 −0.42±0.02 −0.53±0.05 −0.26±0.03 1.54 

acetonitrile 0.6448 −0.74±0.03 −1.06±0.10 −0.42±0.03 2.01 

acetone 0.6510 −0.49±0.01 −0.47±0.04 −0.35±0.03 1.78 

acetic acid 0.6513 −0.55±0.01 −0.62±0.04 −0.36±0.03 1.83 

cyclohexane 0.6830 −0.50±0.04 −1.14±0.12 −0.15±0.03 1.29 

DMF 0.7589 −0.65±0.01 −0.76±0.04 −0.42±0.03 2.01 

CH2Cl2 0.7612 −0.64±0.02 −0.72±0.09 −0.42±0.03 2.02 

CCl4 0.7677 −0.57±0.03 −1.02±0.10 −0.26±0.03 1.54 

toluene 0.7816 −0.65±0.03 −1.17±0.09 −0.30±0.03 1.63 

CHCl3 0.7833 −0.80±0.02 −1.33±0.05 −0.40±0.03 1.93 

benzene 0.7929 −0.88±0.03 −1.92±0.10 −0.30±0.03 1.64 

DMSO 0.8295 −0.63±0.03 −0.61±0.10 −0.45±0.03 2.10 

pyridine 0.8416 −0.78±0.02 −1.27±0.07 −0.40±0.03 1.93 

CS2 1.0000 −0.65±0.06 −1.02±0.20 −0.34±0.03 1.76 
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The effects of silyl groups as direct Dispersion Energy Donors (DEDs), focusing on their 
steric size and polarizability have been investigated. Silyl groups, being larger and more 
polarizable than alkyl groups, were found to be effective DEDs. However, the bulkiness 
in proximity of these groups was correlated with established steric parameters, such as 
A-values, solvolysis rates, and Tolman’s θ. Internal strain within the COT backbone was 
identified as the main factor favoring the unfolded isomer (Figure 23). For all derivatives 
larger than TMS, the unfolded isomer is favored as seen in Table 3. 

 

Figure 23. Simplified equilibrium of substituted 1,4- and 1,6-SiR3-COT. 

Table 3. Overview of all Silyl COT derivatives in toluene.84 

SiR3 
𝚫𝑮𝒇𝒐𝒍𝒅

𝟑𝟏𝟑 𝐊  
[kcal mol−1] 

Keq. [1,6]/[1,4] 

TMS −0.19±0.03 1.36 

TBDMS +0.64±0.03 0.36 

TES +0.49±0.02 0.46 

TIBS +0.97±0.05 0.21 

TIPS +1.75±0.09 0.06 

This negative trend can be reversed when a CH2O spacer group is placed between COT 
and the silyl groups (Figure 24). The NMR measurements reveal that the bulky TIPS group 
shifts the equilibrium furthest towards the folded and more crowded valence isomer. 
However, flexibility due to the CH2O spacer comes at the cost of unfavorable folding 
entropy. The result is a 1:1 ratio of all derivatives as seen in Table 4. 

 

Figure 24: Simplified equilibrium of 1,4- and 1,6-CH2O-SiR3-COT. 
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Table 4. Overview of Gibbs Free Energy in toluene of 1,4- and 1,6-CH2O-SiR3-COT.83 

SiR3 
𝚫𝑮𝒇𝒐𝒍𝒅

𝟑𝟏𝟑 𝐊  
[kcal mol−1] 

Keq. 

[1,6]/[1,4] 
TMS −0.01±0.03 1.01±0.05 

TBDMS −0.08±0.03 1.14±0.06 

TES −0.03±0.03 1.05±0.05 

TIPS −0.14±0.03 1.26±0.05 

TBDPS −0.10±0.03 1.18±0.06 

TTMSS +0.13±0.03 0.81±0.06 

The COT molecular backbone was also used to study hydrogen bonding via a model 
system (Figure 25) resembling the cyclic water dimer transition structure.85 Energy 
decomposition analysis showed that electrostatic interactions dominate the hydrogen 
bonding (65% of the total energy), with London dispersion (LD) interactions contributing 
25%. Similar contributions have been noted in the theoretical vdW Coefficients in Figure 
2. As visible in Table 5, the highest proportion of the folded isomer was observed in apolar  

 

Figure 25. Simplified equilibrium of 1,4- and 1,6-CH2O-H-COT. 

Table 5. Folding ratios of CH2OH COT in various solvents ranked according to their SP value.85 

solvent SP 
𝚫𝑮𝒇𝒐𝒍𝒅

𝟐𝟗𝟖 𝐊  
[kcal mol−1] 

Keq. [1,6]/[1,4] 

cyclohexane 0.6830 −0.90±0.03 4.66±0.23 

CH2Cl2 0.7612 −0.28±0.03 1.61±0.08 

CCl4 0.7677 −1.03±0.03 5.80±0.29 

toluene 0.7816 −0.43±0.03 2.09±0.10 

benzene 0.7929 −0.33±0.03 1.74±0.09 

CHCl3 0.7833 −0.39±0.03 1.95±0.10 

DMSO 0.8295 −0.03±0.03 1.05±0.05 

pyridine 0.8416 −0.12±0.02 1.23±0.06 

TCE 0.8870 −0.12±0.03 1.22±0.06 

nitrobenzene 0.8910 −0.07±0.03 1.12±0.06 

water n.a. +0.02±0.02 0.97±0.05 
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solvents (cyclohexane, tetrachloromethane), while a 1:1 ratio was found in polar and 
polar-protic solvents (DMSO, water). This emphasizes the significant role of solubility 
and the solvophobic effect in stabilizing strong hydrogen bonds between heterogeneous 
atoms. 

Performing a Local Energy Decomposition34 analysis with the ORCA program113 on the 
simple water dimer results (part of the LED training session of the 2017 Orca user 
meeting) in an overall stabilizing energy of the dimer of –4.5 kcal mol–1 with a powerful 
increment of stabilization energy of –1.1 kcal mol–1 of pure LD energy. Comparing the –
1.1 kcal mol–1 computed value with the ∆G of the measured value of 1,4-di-CH2OH-COT in 
cyclohexane or tetrachloromethane results in –0.9 to –1.03±0.03 kcal mol which is a 
strong indicator of the absence of further water molecules in the hydrophobic 
environment. Hence, the balance mimics the water dimer almost perfectly. The solvation 
of the balance in pure water completely resolves the observable ratio of 1,6 being the 
most prominent isomer. This is easily explained by the compensation effect of 
surrounding water molecules being able to form dimers with the hydroxy moiety. This is 
the most prominent example that even in hydrogen bonds there is a significant portion 
of LD interactions at play and cannot be neglected. 

1.5 Outlook 

1.5.1 Gedankenexperiment I: H, D, F 

 

Figure 26. Proposed Gedankenexperiment of perfluorinated, perdeuterated tBu substituents. 

As we have shown, COT with tBu substituents is already the prime example to determine 
LD interactions whether complete deuteration or fluorination changes the equilibrium. 
Hence deuterated D–C bonds are shorter than H–C bonds, the perfect distance for LD 
might be diminished. A similar comparison of fluorine and hydrogen (F–C and H–C) will 
have a huge difference in polarizability, which might also be an interesting option worth 
investigation. However, since the changes in the equilibrium constant will be rather 
small a purely computational investigation is recommended. 
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1.5.2 Gedankenexperiment II: C, Si, Ge, Sn, Pb 

 

Figure 27: Proposed Gedankenexperiment on increasing polarizability by varying the tetrel (T) in 
the COT environment. 

As we have shown in “Hexaphenylditetrels-When longer bonds provide higher stability” 
(see Chapter 3.2) the effect of elongated bonds114 might be worthwhile to check on the 
cyclooctatetraene backbone. Since the synthesis route of the silica COT is known it might 
also be applicable for other trimethyltetrelchlorides. The increasing bond length towards 
the lead compound might result in further repulsive effects. 

1.6 Concluding remarks 

Our studies clearly show the abundance and availability of LD forces by computational 
investigations and spectroscopic measurements. By using Fritz London’s formula, we 
were able to determine a direct influence of the size of substituents as well as their 
distance relationship on dispersive attraction between them. The claim that LD forces are 
negligible in solution does not hold true demonstrated on multiple model systems. 
However, Shimizu’s,109 Cockroft’s,63 Chen’s,70 and Wegner’s74 studies of attractive 
interactions in solutions using models with long alkyl chains lead to predominantly 
solvophobic-driven attraction between these alkyl chains, whereas our molecular 
balances behave in a similar fashion in gas phase and solvent model computations as well 
as experimental investigations showing much higher degree of actual dispersive 
interactions over solvophobic effect. Additionally, our balances are modular and can be 
refined to further isolate the dispersion interactions or adapted to accommodate ions to 
study other vdW forces.  
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2. Publications 

2.1 Intramolecular London Dispersion Interactions 
Do Not Cancel in Solution 

 

 

 

Abstract: We present a comprehensive experimental study of a di-t-butyl-substituted 
cyclooctatetraene-based molecular balance to measure the effect of 16 different solvents on the 
equilibrium of folded versus unfolded isomers. In the folded 1,6-isomer, the two t-butyl groups 
are in close proximity (H···H distance ≈ 2.5 Å), but they are far apart in the unfolded 1,4-isomer 
(H···H distance ≈ 7 Å). We determined the relative strengths of these noncovalent intramolecular 
σ−σ interactions via temperature-dependent nuclear magnetic resonance measurements. The 
origins of the interactions were elucidated with energy decomposition analysis at the density 
functional and ab initio levels of theory, pinpointing the predominance of London dispersion 
interactions enthalpically favoring the folded state in any solvent measured. 

 

Reference:  

Intramolecular London Dispersion Interactions Do Not Cancel in Solution. - J. M. 
Schümann, J. P. Wagner, A. K. Eckhardt, H. Quanz, and P. R. Schreiner, J. Am. Chem. Soc. 
2021, 143(1), 41–45. DOI: 10.1021/jacs.0c09597 

Reproduced with permission: American Chemical Society, 1155 16th Street NW, Washington, 
DC, 20036, United States of America  
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2.2 Exploring the Limits of Intramolecular London 
Dispersion Stabilization with Bulky Dispersion 
Energy Donors in Solution 

 

 

Abstract: We present an experimental study of a cyclooctatetraene-based molecular balance 
disubstituted with increasingly bulky t-butyl (tBu), adamantyl (Ad), and diamantyl (Dia) 
substituents in the 1,4-/1,6-positions and determined the valence-bond shift equilibrium in n-
hexane (hex), n-octane (oct), and n-dodecane (dod). Computations including implicit and 
explicit solvation support our temperature-dependent NMR equilibrium measurements that the 
more sterically crowded 1,6-isomer is always favored, irrespective of solvent, and that the free 
energy is quite insensitive to substituent size. 

 

Reference: 

Exploring the Limits of Intramolecular London Dispersion Stabilization with Bulky 
Dispersion Energy Donors in Solution. - J. M. Schümann, Lukas Ochmann, Jonathan 
Becker, Ahmet Altun, Ingolf Harden, Giovanni Bistoni, and P. R. Schreiner, J. Am. Chem. 
Soc. 2023, 145 (4), 2093–2097. DOI: 10.1021/jacs.2c13301 

 

Reproduced with permission: American Chemical Society, 1155 16th Street NW, Washington, 
DC, 20036, United States of America 
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3. Further LD related Publications 

3.1 Gauging the Steric Effects of Silyl Groups with a 
Molecular Balance 

 

 

Abstract: We present an experimental and computational study of a cyclooctatetraene (COT)-
based molecular balance disubstituted with commonly used silyl groups. Such groups often serve 
as protecting groups and are typically considered innocent bystanders. Our motivation here is to 
determine the actual steric effects of such groups by employing a molecular balance. While in the 
unfolded 1,4valence isomer the silyl groups are far apart (dσ−σ ≥ 5.15 Å), the folded 1,6-isomer is 
affected greatly by noncovalent interactions due to close σ−σ contacts (dσ−σ ≤ 2.58 Å). In order to 
investigate the thermodynamic equilibrium between the 1,6- and 1,4-valence isomers, we 
employed temperature-dependent nuclear magnetic resonance measurements. Additionally, we 
assessed the nature of attractive and repulsive interactions in 1,6-disilyl-COT derivatives via a 
combination of local energy decomposition analysis (LED) and symmetry-adapted perturbation 
theory (SAPT) at the DLPNO-CCSD(T)/def2-TZVP and sSAPT0/aug-cc-pVDZ levels of theory. We 
identified London dispersion interactions as the main contributor to the molecular stability of 
the folded states, whereas Pauli exchange repulsion and a resulting internal strain favor the 
unfolded diastereomer. 

 

Reference: 

Gauging the Steric Effects of Silyl Groups with a Molecular Balance. - Henrik F. König, 
Lars Rummel, Heike Hausmann, Jonathan Becker, Jan M. Schümann, and Peter R. 
Schreiner, J. Org. Chem. 2022, 87 (7), 4670-4679. DOI: 10.1021/acs.joc.1c03103 

 

Reproduced with permission: American Chemical Society, 1155 16th Street NW, Washington, 
DC, 20036, United States of America 
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3.2 Hexaphenylditetrels – When longer Bonds Provide 
Higher Stability 

 

Abstract: We present a computational analysis of hexaphenylethane derivatives with heavier 
tetrels comprising the central bond. In stark contrast to parent hexaphenylethane, the heavier 
tetrel derivatives can readily be prepared. In order to determine the origin of their apparent 
thermodynamic stability against dissociation as compared to the carbon case, we employed local 
energy decomposition analysis (LED) and symmetry-adapted perturbation theory (SAPT) at the 
DLPNO-CCSD(T)/def2-TZVP and sSAPT0/def2-TZVP levels of theory. We identified London 
dispersion (LD) interactions as the decisive factor for the molecular stability of heavier tetrel 
derivatives. This stability is made possible owing to the longer (than C–C) central bonds that 
move the phenyl groups out of the heavily repulsive regime so they can optimally benefit from 
LD interactions. 

 

Reference: Hexaphenylditetrels – When Longer Bonds Provide Higher Stability – L. 
Rummel, J. M. Schümann, and P. R. Schreiner, Chem. Eur. J. 2021, 27, 13699-13702. DOI: 
10.1002/chem.202102271 

Highlight: Hexaphenylditetrels – When Longer Bonds Provide Higher Stability, Chemistry 
Views 2021  

(https://www.chemistryviews.org/details/ezine/11318599/When_Longer_Bonds_Provide
_Higher_Stability/) 

Published by Wiley-VCH GmbH. This is an open access article under the terms of the 
Creative Commons Attribution License, which permits use, distribution, and 
reproduction in any medium, provided the original work is properly cited. 
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